Deinococcus radiodurans shows extreme resistance to a range of remarkable environmental stresses. Deinococcal exopolysaccharide (DeinoPol) is a component of the cell wall, but its role in stress resistance has not yet been well-described. In this study, we isolated and characterized DeinoPol from Deinococcus radiodurans R1 strain and investigated its application as an antioxidant agent. Bioinformatic analysis indicated that dra0033, encoding an ExoP-like protein, was involved in DeinoPol biosynthesis, and dra0033 mutation significantly decreased survival rates in response to stresses. Purified DeinoPol consists of different monosaccharides and has a molecular weight of approximately 80 to 100 kDa. DeinoPol also demonstrates highly protective effects on human keratinocytes in response to stress-induced apoptosis by effectively scavenging ROS. Taken together, these findings indicate that DeinoPol is the first reported deinococcal exopolysaccharide that might be used in cosmetics and pharmaceuticals as a safe and attractive radical scavenger.
. Characterization of DeinoPol production in D. radiodurans R1 and dra0033 mutant. (A) Relative quantification of DeinoPol production in D. radiodurans R1 and its isogenic mutant (Δdra0033). Deinococcus was cultured in TY broth for 48 h at 30 °C, and DeinoPol was precipitated with 80% ethanol at 4 °C. DeinoPol was hydrolyzed and reacted with anthrone and absorbance was read at 490 nm. (B) Relative biofilm formation of D. radiodurans R1 and its isogenic mutant (Δdra0033). Bacteria were seeded in a 96-well plate and incubated for 48 h at 30 °C. Biofilm formation was measured by staining with 1% crystal violet, and absorbance was read at 450 nm. (C) Surface layers of D. radiodurans R1 and its isogenic mutant (Δdra0033). Surface-expressed DeinoPol was visualized by scanning electron microscopy (SEM). The rough surface and septa structure indicated a decreased amount of EPS on the deinococcal surface.
Protective effect of DeinoPol against gamma-irradiation. EPSs purified from Bacillus sp. isolated from the desert has high antioxidant activity in vitro 20 . We, therefore, investigated whether D. radiodurans affected the survival of γ-irradiated mice. Mice (n = 5) were injected with live WT or ∆dra0033 (10 8 CFU/mice) intraperitoneally (i.p.) and then subjected to γ-radiation at 10 Gy. Notably, live D. radiodurans showed no severe invasiveness or organ colonization (spleen, liver, kidney) in mice upon inoculation with 10 8 CFU ( Supplementary  Fig. 1 ). All mice inoculated with either PBS or ∆dra0033 died at 11 days after irradiation ( Fig. 4A ), whereas those inoculated with WT strain showed a significantly delayed death, indicating that DeinoPol is likely to provide a protective effect against lethal doses of irradiation.
To evaluate the effect of DeinoPol in radiation-induced cell death, human primary adult keratinocytes (NHEK-Ad) were irradiated at 10 Gy in the presence of DeinoPol (10 μg), and the apoptosis ratio was measured by staining with propidium iodide (PI) and Annexin V (Fig. 4B ). When cells were irradiated (panel b), most were located in gates G2 (5.1%) and G4 (46.0%), indicating that radiation effectively induced early and late apoptosis. radiodurans R1 and Δdra0033. Mid-log phase of D. radiodurans R1 and its isogenic mutant (Δdra0033) were exposed to γ-radiation (A), hydrogen peroxide for 1 h (B), UVC (C) or desiccation (D). Surviving bacteria were calculated by plating on TGY agar plates followed by serial dilution. (E) Enhancement of the survival of Δdra0033 against hydrogen peroxide stress with addition of exogenous purified DeinoPol (0 or 30 μg/mL). Mid-log phase Δdra0033 was pretreated with DeinoPol (30 μg/mL) for 30 min followed by treatment with 60 mM hydrogen peroxide for 1 h. Surviving bacteria were calculated by plating on TGY agar plates followed by serial dilution. Data are mean ± standard deviation. Asterisks indicate significant difference between Δdra0033 pre-treated with 0 and 30 μg/mL DeinoPol. *P < 0.05. 
Reduction of ROS-induced cell death by treatment with DeinoPol.
Next, since ROS such as perox-
, hydroxyl radical ( • OH), singlet oxygen, are significantly increased owing to environmental stress, such as drought, salinity, chilling, nutrient deficiency, metal toxicity and UV radiation [22] [23] [24] , we further investigated the role of DeinoPol in minimizing cell damage induced by UV radiation and H 2 O 2 . NHEK-Ad cells were pre-treated with DeinoPol, followed by irradiation with UVB (120 mJ/cm 2 ). At 12 h after irradiation, cell viability was analyzed by CCK-8 assay. In contrast to non-treated cells, pre-treated cells presented a steadily increasing viability until saturation was observed at approximately 3.0 μg/mL, similar to that of non-irradiated cells ( Fig. 5A ). When NHEK-Ad cells were directly sensitized with exogenous H 2 O 2 , cell viability decreased in a dose-dependent manner ( Fig. 5B ). At 1000 μM H 2 O 2 , cell viability was 41.3% lower than that in untreated cells, but no significant reductions in cell viability were found in DeinoPol (10 µg) pre-treated cells. Notably, no cytotoxicity was found in NHEK-Ad cells treated with over 1000 μg/mL of DeinoPol ( Supplementary Fig. 2 ).
Intracellular ROS are one of the most damaging effects of UVB irradiation on the skin, with subsequent damage to cellular components directly, leading to cell death 25 . To examine the potential protective effect of DeinoPol on intracellular ROS generated by UVB irradiation, cells were exposed to UVB (120 mJ/cm 2 ) in the presence of DeinoPol (10 μg), and intracellular ROS level was measured using DCFDA, a probe that becomes fluorescent when oxidized by free radicals. Intracellular fluorescence signal was high in NHEK-Ad cells that did not receive DeinoPol treatment (Fig. 5C ). However, ROS content was significantly attenuated in the DeinoPol pre-treated group, similar to that in non-irradiated cells. These results indicate that DeinoPol has potential protective effect for a human keratinocyte cell line (HaCaT) against radiation-induced oxidative stress. Mice (n = 10) were injected with 10 8 CFU of WT or Δdra0033 strain followed by gammairradiation (10 Gy). Mouse survival was monitored for 17 days. (B) Quantitative analysis of γ-radiation-induced apoptosis was performed by flow cytometry using NHEK-Ad cells. Cells were treated with medium alone (a), medium with 10 Gy γ-radiation (b), or 10 μg DeinoPol with 10 Gy γ-radiation (c) followed by incubating for 2 h. Cells were then subjected to flow cytometry after Annexin V-FITC/PI staining. Representative Annexin V and PI dot plots of 10,000 total cells. Quadrant 1 (Q1) contained necrotic cells (Annexin V negative and PI positive), Q2 represented the late stages of apoptosis (Annexin V and PI positive), Q3 contained living cells without signs of apoptosis (Annexin V and PI negative), and Q4 showed early stages of apoptosis (Annexin V positive and PI negative). Corresponding living (Q3) and apoptotic cell (Q2 + Q4) populations for each treatment group were analyzed. Data are presented as mean ± SD of three independent experiments. *P < 0.05. (C) Effect of DeinoPol on γ-radiation-induced DNA fragmentation in apoptotic cells. Cells were irradiated with 10 Gy followed by incubation for 2 h. The TUNEL assay was carried out to assess apoptotic cells after the treatments. Green fluorescent staining indicates positive apoptotic cells, and DAPI (blue) staining was used as a nuclear stain.
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www.nature.com/scientificreports www.nature.com/scientificreports/ Another indicator of ROS-induced cell damage is wound repair, since cells irradiated with UV or treated with H 2 O 2 may be inhibited in migration and proliferation 25, 26 . To determine whether pre-treatment with DeinoPol protects cells from damage caused by ROS and further enhances cell proliferation, we performed a wound-healing assay (Fig. 5D ). Because of the slow growth of NHEK-Ad, we used keratinocyte cancer cell line (HaCaT) for this experiment. Under normal conditions, the scratched wound of the HaCaT monolayer was completely closed within 18 h, but when cells were treated with 1000 μM of H 2 O 2 , the wound was not completely closed until after 18 h, indicating that ROS-induced cell damage caused the reduction of wound healing. However, when cells were treated with H 2 O 2 in the presence of DeinoPol, the wound area of the cell monolayer closed more than it did in the cells that did not receive DeinoPol pre-treatment. These results indicate that DeinoPol protected cells from ROS-induced damage and led to more efficient cell migration and proliferation.
Inhibition of apoptosis-related signaling pathway by treatment with DeinoPol. UV-induced
ROS can lead the depolarization of the mitochondrial membrane, stimulating Bcl2/Bax pro-apoptotic protein expression and activating procaspase-3 to cause cell death via apotosis [27] [28] [29] . To examine the effect of DeinoPol on UV-induced apoptosis, NHEK-Ad cells were irradiated in the presence of DeinoPol (10 μg), and Bax2 and Bax protein expression was then determined (Fig. 5E ). Bcl2 protein expression in keratinocytes was significantly lower and Bax protein expression was concomitantly higher after 120 mJ/cm 2 UVB irradiation compared to those in non-irradiated control. In contrast, irradiated cells in the presence of DeinoPol (10 μg) showed reduced Bax expression and increased Bcl2 expression, similar to those in non-irradiated cells. A previous study showed that increasing the Bax/Bcl-2 ratio up-regulates caspase-3 to promote cell apoptosis 29 . We next examined caspase 3/7 activity in NHEK-Ad cells under irradiation (Fig. 5F ). Without irradiation, the activity of caspase 3/7 was barely detected in NHEK-Ad cells. When cells were irradiated with 120 mJ/cm 2 of UV, caspase3/7 activity dramatically increased, reaching 45 kU, but its activity significantly decreased to ~32 kU when pre-treated with DeinoPol, indicating that DeinoPol can inhibit cell apoptosis via caspase-mediated pathways.
Discussion
UV radiation induces water radiolysis and produces hydroxyl radicals by the Fenton or Haber-Weiss reaction 30, 31 . This oxidative stress causes various cutaneous lesions, such as photoaging and photocarcinogenesis 1 . In addition, chronic exposure to UV radiation damages the integrity of the extracellular matrix in the skin tissues, and this damage is responsible for skin wrinkling, laxity, dryness, and thickness 2,3 . Deinococcus spp. have highly diverse and redundant antioxidant defense systems 14, 15, 32 . The ROS-scavenging system is composed of several lines of enzymatic and non-enzymatic antioxidants such as catalase, peroxidase, superoxide dismutase, lipoic acid, intracellular manganese, pyrroloquinoline quinone (PQQ), and carotenoids 5, 9, 17, 33 . Bacterial EPSs are involved in various biological functions such as storage of energy, cell wall architecture, cellular communication, molecular organization, and stress resistance 9 . To our knowledge, this is the first study to show that deinococcal EPS, also called DeinoPol, is another type of antioxidant involved in resistance to severe environmental stresses, including UV radiation and hydroxyl radicals.
To date, most industrially important EPSs are produced in plants, animals, or algae, because of the low cost of downstream processing 10, 34, 35 . However, the use of plant-and animal-derived resources is becoming limited because of environmental disruption, depletion, and contamination. As an alternative, several bacterial EPSs have been reported during recent decades as a source of high-value biomaterials to produce cosmetics, pharmaceuticals, and natural medicines 11, 36 . Dextran, discovered in the mid-19 th century, was originally used in solution as a plasma expander 9 . Researchers are now focused on isolating structurally and functionally identical EPSs from bacteria, such as those isolated from extreme environments (deep seas, hot springs, Antarctic areas). These organisms are attractive sources for valuable and identical EPSs; D. radiodurans is one such species that produces several valuable molecules, but the structure and function of these molecules have not been reported yet.
Because of the antioxidant effects of DeinoPol, its application in cosmetics and biomedicine is an attractive research area. However, to create a high-value medical polymer, it is crucial to reduce production costs and obtain a high degree of purity without loss of the original functional properties 20, 37 . To improve the productivity of DeinoPol, it is crucial to optimize the fermentation process. Bacterial EPS productivity is highly influenced by media components and cultivation conditions, such as carbon source, temperature, and growth phase. Production of GalactoPol and FucoPol isolated from Pseudomonas oleovorans and Enterobacter A47, respectively, are maximized under aerobic conditions, with carbon availability concomitant with nitrogen and oxygen limitation 38 . In contrast, gellan and cellulose production is favored in media supplemented with vitamins and amino acids [39] [40] [41] [42] [43] [44] . We also investigated the optimal culture condition for DeinoPol production based on its sugar composition analyzed by Bio-LC mass spectrometry in this study. We examined fucose, galactose, rhamnose, glucose, arabinose, mannose, xylose, and fructose as carbon sources but did not find significant enhancement of DeinoPol production in the media supplemented with different carbon sources ( Supplementary Fig. 03 ). Another strategy to improve EPSs in bacteria is genetic modification of the EPS biosynthesis pathway. When the dra0033 gene encoding ExoP-like protein was deleted, DeinoPol production was significantly reduced. We observed that overexpression of both dr0054 and dr0055 genes increased DeinoPol production by approximately 60% (Korea Patent:10-2018-0030335). Further biosynthesis mechanisms of DeinoPol, as well as the influence of DR0054 and DR0055 proteins on DeinoPol production, should be investigated to determine how DeinoPol can be produced in the cosmetic industry.
In addition to enhancing productivity, the required degree of DeinoPol purity is another criterion for its application in biomedical and cosmetic industries. Most bacterial EPSs are purified by cell lysis and precipitation with water-miscible solvents (e.g., methanol, ethanol, or isopropanol) 19, 39, 40 . We used gradient ethanol precipitation to purify DeinoPol, but its high toxicity (LD 50 = 12.5 μg/mL) presents a limitation for its use as a cosmetic ingredient. We, therefore, used the Sevage method after ethanol precipitation to remove toxic, insoluble materials such as lipids and membrane proteins [41] [42] [43] . The final product was shown to be non-toxic at over 1000 μg/mL in NHEK-Ad (Supplement ary Fig. 2) . However, the purity of DeinoPol was likely to be less than 90% based on gel filtration chromatography and on protein and nucleic acid concentration analyses. To obtain a higher grade of DeinoPol, additional processes should be performed following precipitation and the Sevage method, such as protein removal by protein precipitation with trichloroacetic acid or proteinase treatment 42, 43 .
Research interest in bacterial EPSs continues to increase and is focused on isolating new polymers with identical health-associated effects 8, 45 . To our knowledge, we are the first to isolate and characterize a deinococcal EPS and report its possible application as an anti-ROS agent. Next, we will further develop the production and purification process to reduce manufacturing costs and enhance purity of the final product, anticipating that new market needs could be created for value-added products in which traditional EPSs are unable to compete. DRA0033 mutant construction. The DRA0033 mutant strain was constructed using the double cross-over recombination method as previously described 46 . The 1024 bp upstream and 718 bp downstream of dra0033 were amplified with the primer upstream set (3803:AAG GTA CCG CCC CAA ACA GTT TC and 5803:TTC TCG AGA ACG CTC CAG TTC GG) and downstream set (3804:AAG GAT CCG CCG CGC TCA GGG CTC and 5804:TTG CAT GCA GCG CGG GGT TAT C) and cloned into the pKatCAT plasmid. The cloned plasmid was transferred into D. radiodurans R1 as previously described 46 , and chloramphenicol-resistant transformants were selected on TGY agar plates. Gene replacement was confirmed by diagnostic PCR using primers (3805:TGT GGG TCT GGA CAC GGG CG and 4805:AGG AAC AAA CCA ACA ACA GA) that bind outside the mutant cassette on the genomic DNA of D. radiodurans R1.
DeinoPol purification. DeinoPol was extracted, isolated, and purified as described in previous studies [39] [40] [41] [42] with slight modifications. D. radiodurans R1 strain was cultured in 4 L of TGY broth at 30 °C, shaking at 900 rpm. After 48 h of incubation, the culture was mixed with 0.1% deoxycholate to lyse the bacterial cell wall and heated at 100 °C for 10 min to inactivate the bacteria and enzymes. Then, the cells were removed by centrifugation at 10,000 × g for 30 min at 4 °C. The supernatant was concentrated and dialyzed using a Minimate tangential flow filtration system with 30 K Minimate capsule (Pall Life Sciences; Port Washington, NY, USA). The concentrated supernatant (approximately 40 mL) was precipitated with 160 mL of 95% ethanol (Daejungchem; Seoul, Korea) at 4 °C for 12 h, and the precipitate was collected by centrifugation at 5000 × g for 10 min at 4 °C to yield the crude polysaccharide solution. The proteins in the crude polysaccharide were removed by the Sevage method as described previously 41, 42 . Briefly, the precipitate was dissolved in 10 mL of distilled water and mixed with 30 mL chloroform:n-butanol (4:1 v/v). After shaking vigorously for 5 min, the mixture was allowed to stand for 15 min, and the aqueous phase was collected and precipitated with 80% ethanol. After filtration with a 0.22 μm Millex-GP syringe filter unit (Merck Millipore; Burlington, MA, USA), the final product was lyophilized.
DeinoPol quantification. Total carbohydrates were estimated using the anthrone method as described previously 21 . Lyophilized DeinoPol was dissolved in 0.2 mL of distilled water and mixed with 0.8 mL of 0.2% anthrone solution in sulfuric acid. DeinoPol was hydrolyzed into simple sugars at 90 °C for 10 min and cooled to room temperature. The optical density was then measured at 620 nm using a Victor X3 light plate reader (PerkinElmer, Waltham, MA, USA). d-glucose was used as a standard, and values are represented as percent of dry weight of the samples. The concentration of DNA and protein in purified DeinoPol was measured using the NanoVuePlus spectrophotometer (GE Healthcare; IL, USA).
Carbohydrate composition analysis. Monosaccharide analysis was performed using a CarboPac TM
PA-10 column (guard column 4 × 50 mm) (Dionex, Sunnyvale, CA, USA) coupled to a Dionex DX500 series chromatograph (Dionex) at the Korea Basic Science Institute (Ochang, South Korea), as described previously 47 . In brief, DeinoPol (10 mg) was dissolved in 0.5 M trifluoroacetic acid (5 mL) and incubated for 24 h at 60 °C followed by purification using Bio-Gel P-4 (200-400 mesh) (Bio-Rad, Hercules, CA, USA). The hydrolyzed monosaccharides were analyzed with Bio-LC high-performance chromatography. Data were processed using Thermo Scientific TM Chromeleon TM Data System software (Waltham, MA, USA).
Biofilm quantitative assay. Biofilm quantification was performed by crystal violet staining, as described previously 48 . Overnight cultures of D. radiodurans R1 and its isogenic mutant (Δdra0033) were diluted 1:100 in 2 × TGY broth and transferred into flat-bottomed polystyrene 96-well micro-titer plates (SPL, Pocheon, South Korea). After 48 h incubation at 30 °C, unattached bacteria were gently washed with 300 μL phosphate buffer saline (PBS; Lonza, Basel, Switzerland) and stained with 0.2% crystal violet solution for 1 min. Thereafter, excess crystal violet was removed by washing five times with 300 μL PBS. Crystal violet was solubilized with 200 μL acetone:ethanol (2:8 v/v). Supernatants were transferred onto a new flat-bottomed 96-well plate, and the optical density was measured at 570 nm using a Victor X3 light plate reader (PerkinElmer, Waltham, MA, USA).
Scanning electron microscopy (SEM) analysis.
Deinococcus radiodurans R1 and its isogenic mutant (Δdra0033) were harvested at A600 = 0.5 and fixed overnight at 4 °C in 4% glutaraldehyde. After centrifugation, the pellet was washed three times with PBS and dehydrated through a graded ethanol series (35%, 50%, and 70%), followed by drying the cells in a drying chamber. The samples were gold-coated using a gold sputtering unit and observed using a JEOL JSM-840 scanning electron microscope (Tokyo, Japan) at the Seoul National University.
